Little is known about the dynamics of cellular growth, death, and evolution within bacterial biofilms. Here we show evidence of evolution within single-species biofilms in real time. Escherichia coli harvested from 22-day-old biofilms express a competitive advantage over cells incubated in biofilms for shorter periods of time. This advantage is manifested as the ability of aged cells to outcompete younger cells in the presence of a pre-existing biofilm, even though cells from older biofilms do not express an increased ability to form initial biofilms on a fresh, unoccupied surface. This phenomenon is similar to the growth advantage in stationary phase, or GASP, phenotype exhibited by planktonically grown cells when incubated under competitive conditions. The ability of bacteria in biofilms to show rapid heritable change has implications for our understanding of the adaptive abilities of biofilms in a wide variety of natural and man-made environments.
Introduction
There is an ever-increasing appreciation of the fact that a vast number of the planet's prokaryotic life are not freeliving planktonic bacteria, but live in multicellular assemblages called biofilms. Bacterial biofilms are surface-attached communities of cells surrounded by an extracellular matrix that serves as both a structural and protective role (O'Toole et al., 2000; Hall-Stoodley et al., 2004) . While there is evidence of genetic diversity within biofilms, for example, cells with altered colony morphologies or altered production of rhamnolipids have been isolated from biofilms (Boles et al., 2005; Kirisits et al., 2005; Allegrucci & Sauer, 2007) , little is known about the dynamics of cellular growth, death, and evolution within these complexes. Recently, Hansen et al. (2007) have shown that in a mixed biofilm containing two species, mutants can be selected that respond specifically to the presence of the other organism. We show here that a process of evolution occurs in single-species biofilms of Escherichia coli in the laboratory. The relative fitness of cells obtained from aged biofilms heritably increases over time, indicating that adaptive evolution occurs. The experiments described here draw from studies of the evolution of planktonic bacteria during long-term stationary phase incubation, in particular, the appearance of the growth advantage in stationary phase (GASP) phenotype (Zambrano et al., 1993; Finkel, 2006) which is characterized by the appearance of mutants with increased relative fitness over time. To date, there has been no analysis of GASP in biofilms.
During expression of the GASP phenotype in planktonic batch culture, successive waves of mutants with increased fitness continually appear. For example, if two initially isogenic cultures are incubated for different periods of time (e.g. 1 day vs. 10 days) and then cells from the older culture are introduced as a minority into the younger culture, cells from the 'older' population will gradually take over the culture until no cells from the initial population are detected (Zambrano et al., 1993; Finkel & Kolter, 1999; Finkel, 2006) . This competitive advantage is due to the acquisition of mutations that confer increased fitness to cells from the aged population. More detailed analyses of evolving E. coli populations have revealed that an enormous amount of genotypic diversity exists in long-term batch cultures, including changes from missense mutations to chromosomal deletions or amplifications covering 1-2% of the genome (Farrell & Finkel, 2003; Zinser et al., 2003; Skvortsov et al., 2007) . In essence, by monitoring the occurrence of planktonic GASP we have observed 'evolution in a test tube' in real time. While this phenomenon has been well documented in liquid culture, we wished to determine whether a similar process of real-time evolution occurs in laboratory biofilms.
Materials and methods

Strains
The motile E. coli K-12 strain SF2086 (W3110 DlacU169 tna2 Mot
1
) and its isogenic antibiotic-resistant derivatives SF2087 (streptomycin resistant, StrR) and SF2088 (nalidixic acid resistant, NalR) are derived from strain ZK126 used in many GASP experiments (Zambrano et al., 1993; Pratt & Kolter, 1998; Finkel & Kolter, 1999) .
Biofilm incubation and harvesting procedure
Static biofilms of E. coli were established by a 1 : 100 (v : v) dilution of an overnight Luria-Bertani (LB) culture (to c. 10 7 CFU mL À1 ) in 200 mL of LB medium (Difco) in 96-well polystyrene microtiter dishes (Falcon). Microtiter dishes were incubated without agitation at 37 1C with 65% relative humidity for 1, 11, 22, or 33 days. After appropriate incubation time, wells were washed with five volumes of 5% saline to remove planktonic cells and biofilm debris (O'Toole & Kolter, 1998) . Biofilm cells were then harvested by mild sonication in a sonicating water bath (Fisher Scientific), outgrown in fresh LB, and frozen in LB-glycerol; these cells are referred to as biofilm-harvested cells. For each aged-biofilm time point there are two independently evolved populations derived from either strain SF2087 or SF2088 (one resistant to nalidixic acid and the other resistant to streptomycin, respectively), which are used in the assays described below. For all assays, the biofilm cells were harvested as follows: after incubation, the liquid was removed from the wells. The wells were rinsed five times with 5% saline. Then the biofilm cells were isolated using mild sonication. Cell counts were taken before the liquid was removed from the well (planktonic cell count), after the wells were rinsed, and after sonication (biofilm cell count).
Biofilm assays
Single-population biofilm formation assays (see Fig. 1 ) were conducted by introducing a single biofilm-derived population outgrown from frozen stocks into individual wells, incubating for 16 h, then removing cells from the well by mild sonication. Following removal, cell titers were determined by serial dilution on selective medium (O'Toole & Kolter, 1998; Pratt & Kolter, 1998) ; the method used is accurate within AE 3-fold, as determined by a two sample ttest (Finkel & Kolter, 1999; A. Kraigsley, M. Waterman & S.E. Finkel, unpublished data) , which serves as the confidence interval. This assay assesses the ability of a single biofilm-derived population to form a biofilm in the absence of competition. Each population was assayed at least two times. Competition assays (see Fig. 2 ) were conducted by introducing 'younger' and 'older' biofilm-derived populations outgrown from frozen stocks at a 1 : 1 ratio (1 mL of each) per well containing 200 mL of LB and then harvesting the biofilm after an additional day of incubation, followed by titering on selective medium. As each parental strain, SF2087 and SF2088, carries an antibiotic-resistance marker (either nalidixic acid or streptomycin resistance, respectively), these populations can be distinguished. Antibiotics (Sigma-Aldrich) were used at the following concentrations: nalidixic acid (20 mg mL À1 ) or streptomycin (25 mg mL À1 ).
Competition-invasion assays (see Fig. 3 ) were conducted by first establishing a biofilm derived from the 'unevolved' parental strain (SF2086) in the well, and then adding a 1 : 1 mixture (1 mL of each) of the two aged populations derived from frozen stocks (e.g. from 1-and 22-day-old biofilmderived cells) to the well (each aged population carries a different drug marker). After an additional 1 or 2 days of incubation, biofilms were harvested and the biofilm cell counts, as well as planktonic cell counts, of both populations were determined based on serial dilution on selective medium. All competition assays were conducted with exchanged antibiotic-resistance markers to control for any marker effects, that were not observed.
Biofilm Index
The Biofilm Index, presented in Figs 2 and 3, corrects for the number of planktonic cells present when wells are inoculated and initial biofilm formation occurs, and is calculated as follows: Biofilm Index = (B 22 /B 1 )/(P 22 /P 1 ), where B 22 and B 1 are cell yields in the biofilm derived from 22-or 1-day-1.00E+10
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1.00E+00 1-day old 11-day old 22-day old 33-day old CFU per biofilm or CFU mL old populations, respectively, and P 22 and P 1 are the densities of planktonic cells at inoculation of the 22-or 1-day-old populations, respectively. This ratio corrects for any inequality of 1-or 22-day-old cells in planktonic culture at inoculation that could skew the biofilm yields. A Biofilm Index value >1 indicates a greater number of 'older' biofilmharvested cells present in the biofilm, whereas a value o 1 indicates a greater number of 'younger' biofilm-harvested cells. Planktonic and biofilm cell counts are determined as described above. Each trial number in Figs 2 and 3 corresponds to an individual well of a 96-well plate and are ordered on the basis of their Biofilm Index rank. The Biofilm Index serves as a measure of relative fitness in these experiments because it directly measures the number of cells of each subpopulation in the biofilm, rather than the ability of cells to synthesize biofilm matrix material or the degree to which they can attach to a surface.
Results
Experiments were performed similarly to our batch culture GASP experiments in that biofilms were allowed to incubate statically for various lengths of time (1, 11, 22, or 33 days) and then assessed for the presence of mutants with altered biofilm formation ability. In all experiments, biofilms were incubated for the indicated period of time, washed extensively to remove planktonic cells, and the biofilm cells were harvested by mild sonication. After sonication, biofilm-harvested cells were grown planktonically overnight, then stored as frozen cultures. Cells from the frozen stocks were used to initiate all experiments. These frozen cells will be referred to as biofilm-harvested cells. In order to determine if any of the cells underwent adaptive evolution as evidenced by expression of a phenotype akin to the GASP phenotype, a battery of experiments were performed to address three nonmutually exclusive potential phenotypes:
(1) aged biofilm-harvested cells form higher cell density biofilms on a fresh surface; (2) while competing for a fresh surface, older biofilm-harvested cells have an advantage over younger biofilm-harvested cells and are better at establishing a biofilm, and (3) older biofilm-harvested cells demonstrate an increased ability over younger biofilm-harvested cells to establish themselves in the presence of an existing biofilm. The third phenotype most closely mimics a 'real-world' environment and is the one in which the aged biofilmharvested cells were experimentally evolved.
To address the first phenotype, single-population biofilm formation assays were conducted (O'Toole & Kolter, 1998; Pratt & Kolter, 1998) . These experiments assess the ability of a single population to form a biofilm in the absence of competition. Genetically marked populations of biofilmharvested cells (incubated for either 1, 11, 22, or 33 days) were introduced into a fresh well, allowed to form a biofilm, and harvested 16 h after inoculation. At the time of harvest both biofilm and planktonic cell counts were determined.
The single population assays demonstrate that cells harvested from 1-, 11-, 22-, or 33-day-old biofilms form biofilms equally well on fresh surfaces; aged cells do not demonstrate an apparent advantage with regard to their ability to establish biofilms (Fig. 1) . In addition, planktonic outgrowth experiments demonstrated that all aged lineages displayed the same exponential phase growth rates and yields, indicating no growth defects in the evolved populations in the medium used in these experiments (data not shown).
To address the second phenotype, a biofilm competition assay was conducted. A 1 : 1 mixture of younger and older biofilm-harvested cells (1-day-old vs. 11-day-old, 1-day-old vs. 22-day-old, and 11-day-old vs. 22-day-old) were introduced planktonically in equal numbers into fresh wells, allowed to form a biofilm, and then harvested after 1 day of coincubation (Fig. 2) . These assays show that 22-day-old biofilm-harvested cells do not exhibit a strong advantage over 1-day-old biofilm-harvested cells when competing for a fresh surface over 24 h (Fig. 2a) . One-day-old and 11-dayold biofilm-harvested cells perform equally well when competing for a fresh surface (Fig. 2a) . No clear advantage is conferred to any population after 1 day of coincubation because there is no consistent pattern of takeover by a population of any age. However, after 3 days of incubation, the 22-day-old biofilm-harvested cells do demonstrate an increasing advantage over the 1-day-old cells (Fig. 2b) ; the implications of this observation are tested in the competition-invasion assays described below.
As the activities required to thrive within an established biofilm most likely differ considerably from those required to initially establish a biofilm on a fresh surface, we reasoned that a realistic experimental model to discern adaptive evolution would be to observe how older vs. younger biofilm-harvested cells respond in the presence of an already-established biofilm. To test this third phenotype we developed a 'competition-invasion' assay in which both 1-and 22-day-old biofilm-harvested cells are introduced into the medium of a microtiter well containing an established biofilm derived from experimentally unevolved cells. Upon inoculation, the differentially marked cells can grow either planktonically or as part of the biofilm. After an additional 2 days of incubation, cell counts of both the planktonic and biofilm cells were determined. In all competition-invasion experiments where there was a significant difference (21 out of 24 trials after 2 days), 22-day-old biofilm-harvested cells outcompeted cells from 1-day-old biofilms (Fig. 3a) . The ratio of 'older' to 'younger' biofilm cells ranged from four to c. 1000-fold greater, averaging 180 times more 22-day-old biofilm-harvested cells than 1-day-old cells present in the biofilm. If cells harvested from 22-day-old biofilms were no more fit than cells from 1-day-old biofilms, we would expect a 1 : 1 ratio of older vs. younger cells. We used two statistical tests to demonstrate that yields of cells harvested from older biofilms are significantly different: Pearson's w 2 -test showed a significant difference from the expected 1 : 1 ratio for 21 of the 24 trials. Using a more conservative approach, we determined the normal approximation of the binomial and found the difference in cell yields between older-and younger-aged biofilm-harvested cells to be statistically significant (data not shown). We never observed 1-day-old biofilm-harvested cells outcompeting older cells at any time point.
To be confident that this result was due to a heritable change in the aged biofilm-harvested cells, and not due to an excess of planktonic bacteria, we monitored the planktonic cell counts throughout the course of the experiments. Importantly, planktonic cell counts of older and younger populations at inoculation were similar in all trials (Fig. 3b) , indicating that the advantage of the 22-day-old cells in the biofilm was not simply due to the presence of more 22-dayold planktonic cells in the well. After two days of biofilm incubation, we observe no correlation between the Biofilm Index and planktonic cell ratio, indicating that the increased proportion of 22-day-old cells harvested from the biofilm was not simply due to an excess of planktonic cells expressing the GASP phenotype. In addition, we have directly tested for the ability of cells from aged biofilms to express the GASP phenotype planktonically. While older biofilmharvested cells can express a competitive advantage planktonically, we do not observe this advantage until at least 3 days of incubation (data not shown), which is longer than the 1 day necessary to observe the effect in planktonic GASP assays (Zambrano et al., 1993; Finkel, 2006) .
Discussion
Cells evolving within aged biofilms can become genetically distinct from their parents and become better able to establish themselves in the presence of an existing biofilm. The case for heritable change, rather than a physiological adaptation to the biofilm milieu, is supported by the fact that the cells used to initiate the competition-invasion experiments have undergone several serial transfers through planktonic batch culture before the initiation of experiments. Any 'physiological' adaptations to the biofilm environment would be 'reset' during the c. 20 generations of outgrowth that preceded initiation of these experiments. Therefore, the competitive advantage of the 22-day-old biofilm-harvested cells appears to be due to heritable change(s).
Over evolutionary time bacteria have developed strategies to thrive in biofilms. What remains to be determined is the degree of genetic plasticity of cells within these communities. A study by Hansen et al. (2007) elegantly demonstrated evolution in a mixed species biofilm. Mutations in one of the species appear to be selected in response to the presence of another species. We demonstrate here for the first time that a single species of biofilm-forming bacteria can evolve in response to changing environmental conditions and that in a short period of time beneficial mutations conferring a competitive advantage appear in a subpopulation of cells, similar to that seen for the GASP phenotype for planktonic cells (Zambrano et al., 1993; Finkel, 2006) . Also similar to the GASP phenotype in planktonic culture, the aged cells exhibit their advantage only during competition; no advantage was observed in single population experiments. Twenty-two days were sufficient for the evolution of this competitive advantage phenotype in biofilm cells because cells isolated from 33-day-old biofilms yielded similar results, but 11-day-old or younger biofilm-harvested cells did not exhibit a competitive advantage (data not shown). However, it is clear that this advantage is not observable in all competition-invasion experiments (three of 24 trials yielded no significant difference in the ratio of strains in the biofilm). We posit that this is not due to an insufficient length of incubation time, but rather due to stochastic processes during initial formation of the unaged biofilms subject to invasion; the nature of these differences warrants further investigation. The competition-invasion assay results (Fig. 3a) , in which the older-aged cells showed an advantage in the presence of a pre-existing biofilm, were recapitulated in the competition assays for data points taken after day 1. For example, after 3 days of coincubation, cells from 22-day-old biofilms showed an advantage in these assays (Fig. 2b) , even though initially they did not (Fig. 2a) . While the initial competition was in the presence of a fresh surface, after 16 h we know that a robust biofilm is formed. Therefore, at some point after the experiment commenced, competition no longer took place in the absence of an existing biofilm and the experiment more closely resembled the competition-invasion system (Fig. 3a) . If the aged biofilm-harvested cells had an advantage in their ability to initially attach to a surface and form a biofilm, we would have expected to see that result on day 1 of the competition assay (see Fig. 2a ) or in the single population assays (see Fig. 1 ).
Though we refer to the assay shown in Fig. 3 as a 'competition-invasion' assay, the competitive advantage afforded to evolved biofilm-harvested cells may be due to mutations affecting any of several mechanisms, including an ability to physically join an established biofilm, an ability to occupy interstitial spaces within an established biofilm, or an ability to displace existing cells, among others. At present we have no data supporting an active displacement of existing biofilm cells by evolved biofilm-harvested cells. Future experiments will be directed toward differentiating between these mechanisms using fluorescently labeled cells, determining what proportion of cells in the population express an increased competitive ability, and identifying responsible mutations.
